Objectives: Incompatibility group N (IncN) plasmids have been associated with the dissemination of antimicrobial resistance and are a major vehicle for the spread of bla VIM-1 in humans and bla CTX-M-1 in animals. A plasmid multilocus sequence typing (pMLST) scheme was developed for rapid categorization of IncN plasmids.
Introduction
Plasmids belonging to incompatibility group N (IncN) represent one of the most frequently encountered resistance plasmid types in Enterobacteriaceae of human and animal origin. 1 IncN plasmids are typically broad host range and self-conjugative plasmids. 2 These plasmids have been associated with genes conferring resistance to many antimicrobial classes, including genes encoding extended-spectrum b-lactamases (ESBLs), inhibitor-resistant TEM b-lactamases (IRTs), AmpC b-lactamases, carbapenemases, oxacillinases, plasmid-mediated quinolone resistance (PMQR), aminoglycoside resistance methylases (ARM), plasmid-mediated 16S rRNA methylase (RMT) and sulphonamide resistance. 1,3 -5 In relation to the ESBLs, IncN plasmids have been associated with the spread of several bla CTX-M variants, including bla CTX-M-1 , bla CTX-M-3 , bla CTX-M-15 , bla CTX-M-32 , bla CTX-M-40 and bla CTX-M-65 . 1 In particular, IncN plasmids are responsible for the spread of bla CTX-M-1 in humans, animals and the environment in Denmark, Italy, Greece and the Czech Republic. 6 -8 IncN plasmids were also associated with carbapenemases of Ambler class A and class B, such as KPC and VIM, respectively. 1, 3 The IncN -VIM-1 plasmids were detected in Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca, Citrobacter freundii, Enterobacter cloacae, Morganella morganii, Providencia stuartii and Proteus mirabilis isolated from patients from acute care settings, long-term care facilities and tertiary care geriatric hospitals in Greece and Italy, demonstrating the broad host range of these plasmids and their tendency to be highly stable, epidemic and easily transmitted. 3,9 -11 A study performed on a large collection of E. coli strains from the USA, not pre-selected for antimicrobial resistance, demonstrated that IncN plasmids were among the most representative plasmid types in avian pathogenic and commensal E. coli (10.9% and 16.1%, respectively), but are absent in commensal E. coli from humans. 1 The observation that IncN plasmids may have a reservoir in faecal flora of food-producing animals is of concern for the potential spread of antimicrobial resistance determinants through the food chain.
The aim of this work was to provide a rapid method to analyse and characterize IncN plasmids in order to support interlaboratory epidemiological studies on strains of human and animal origin. We have designed a plasmid multilocus sequence typing (pMLST) scheme to categorize IncN plasmids into different sequence types (STs) on the basis of their DNA sequences at three selected loci. pMLST has already been successfully applied to characterized plasmids belonging to the IncI1, IncHI1, IncHI2 and IncF groups (www.pubmlst.org/plasmid/).
Materials and methods

Plasmids
Twelve fully sequenced IncN plasmids were available at the GenBank and analysed in silico using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) software (Table 1) : R46 (NCBI reference sequence NC_003292), pMAK2 (NC_009980), pMUR050 (NC_007682), pLEW517 (NC_009131), pLJ1 (EU880929), pKP96 (NC_011617), p12 (NC_011385), pKOX105 (NC_014208), pKC396 (HM138653), pKC394 (NC_014231), p9 (NC_011383), and pNL194 (NC_014368). Regions of dissimilarity among the fully sequenced IncN plasmids were further analysed by manual inspection.
Fifty-eight IncN plasmids isolated as single plasmids from various E. coli transformants were selected from our collections; 51 were associated with relevant resistance genes such as bla CTX-M-1 (n ¼26), bla VIM-1 (n ¼16, one plasmid was also positive for bla CMY-13 ), bla CTX-M-3 (n¼2), bla CTX-M-32 (n¼2), bla CTX-M-9g (n¼1), qnrS1 (n¼2), qnrB2 (n ¼1), qnrB19 (n ¼1). These plasmids were selected from previous studies on the occurrence of ESBLs, metallo-b-lactamases (MBLs) and PMQR in E. coli and Salmonella from Italy, Denmark, The Netherlands, the UK and Greece (Table 1 ). In particular, 13 IncN plasmids of animal origin were selected from previous epidemiological studies on the occurrence of ESBLproducing E. coli in Danish pig farms and Italian poultry farms. 6 -8,12 Twenty-four not previously described IncN plasmids were analysed in this study and originated from the Department of Veterinary Disease Biology, Faculty of Life Sciences, University of Copenhagen, Frederiksberg, Denmark, and the Hellenic Pasteur Institute, Athens, Greece. All plasmids were previously analysed by restriction fragment length polymorphism (RFLP) by PvuII or PstI restriction and were included in this study on the basis of differences in their RFLP patterns.
pMLST Primers for the pMLST are listed in Table 2 . The PCRs were performed with the following amplification scheme: 1 cycle of denaturation at 948C for 5 min, followed by 30 cycles of denaturation at 948C for 30 s, annealing at 608C for 30 s and elongation at 728C for 1 min. The amplification was concluded with an extension program of 1 cycle at 728C for 5 min. Amplifications were performed on total DNA extractions obtained by the Wizard Genomic DNA Purification System (Promega, Madison, WI, USA). The amplicons were purified by using the Wizard PCR preps DNA Purification System (Promega) and sequenced at both ends by fluorescent dye-labelled dideoxynucleotides using an ABI 3730 DNA sequencing instruments (Applied Biosystems, Foster City, CA, USA). The nucleotide sequences obtained were aligned using DNAMAN software (Lynnon BioSoft, Vaudreuil, Quebec, Canada) set for dynamic full alignment. Allele variants (as described in Figures S1, S2 and S3 available as Supplementary data at JAC Online) obtained for each different IncN allele type were submitted to the www.pubmlst.org/plasmid/ web site and alleles were assigned as repN1-repN6, traJ1-traJ8 and korA1-korA4.
Results and discussion
An in silico comparative analysis was performed on 12 fully sequenced IncN plasmids available at GenBank. Three loci potentially useful as alleles for characterization by pMLST were identified. They were present in all 12 plasmids, marked important functions and showed nucleotide differences, demonstrating sufficient discriminatory power for categorization of plasmids into different STs. The selected loci were repA, traJ and korA; repA encodes the replicase protein regulating the IncN replication system, traJ is one of the genes necessary for mobilization of the plasmid during the conjugative transfer, and korA encodes a factor negatively regulating synthesis of the conjugal pilus and mating pore that are formed during the conjugation process.
2 Among the IncN plasmids analysed in silico, several showed insertion of mobile elements carrying resistance genes within the operon encoding the conjugative transfer proteins or between the fipA and nuc genes (data not shown), but integration events never involved the three selected loci.
Specific primer pairs were designed to target these loci (Table 2 ) and the position and size of the alleles were defined for the 12 fully sequenced IncN plasmids. The sequences of these alleles were used to assign the plasmids to different and progressive STs. Using this pMLST scheme, the 58 IncN plasmids of our collection were tested by PCR for the three loci and amplicons were fully sequenced, leading to identification of one additional allele variant for the traJ and korA loci (traJ8 and korA4, respectively) ( Table 1) . A total of six, eight and four alleles were identified for repA, traJ and korA, respectively (Table 1 and Supplementary Figures S1, S2 and S3) .
The 70 IncN plasmids analysed, 12 in silico and 58 from our collection, were classified into 11 STs. Sequence type 1 (ST1) was assigned to plasmid R46, the oldest and reference benchmark plasmid of the IncN family. The recently fully sequenced plasmids pMAK2 from Japan (NC_009980) and pMUR050 from Spain (NC_007682) were also classified as ST1 in the same way as R46 derivatives. ST1 and ST3 differed by one mismatch in the traJ locus (traJ1 and traJ8, respectively). The fully sequenced plasmid pLEW517 from the USA (NC_009131) was assigned to ST2. ST6 was assigned to plasmids carrying KPC-3 from the USA and CTX-M-3 from the UK, which differed from another plasmid carrying KPC-2 identified in the USA and assigned to ST9.
Interestingly, 24 of 26 IncN-bla CTX-M-1 -carrying plasmids of our collection, from Denmark, Italy and Greece, identified in E. coli from humans, horse, poultry, pig, cattle and the farm environment, were all assigned to the ST1, the same for R46, while the remaining 2 IncN-bla CTX-M-1 plasmids were assigned to ST3. These plasmids were different from the fully sequenced IncN-bla CTX-M-1 -carrying plasmid pKC394 from Germany (NC_014231), which was assigned to ST8 (Table 1) . Two plasmids carrying the bla CTX-M-32 gene were also assigned to ST1, suggesting that a common plasmid lineage contributed to dissemination of these two very closely related CTX-M variants in Europe. Plasmids belonging to ST1 are likely the most common IncN type in commensal E. coli from animals.
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All bla VIM-1 -carrying-plasmids from Greece were closely related. They were assigned to either ST10 or ST11, which differed by a single nucleotide mismatch in the korA locus (korA1 and korA4, respectively). Plasmid pKOX105 (NC_014208), carrying bla VIM-1 , bla SHV-12 and qnrS1 from Italy, was assigned to ST7, suggesting that bla VIM-1 has spread in Italy and Greece by different IncN plasmid scaffolds ( Table 1) .
The pMLST method showed a lower discriminatory power than the RFLP method ( Figure S4 , available as Supplementary data at JAC Online), but the variations in the restriction patterns were mostly attributed to plasmid variable regions containing different assortments of resistance genes and mobile elements (insertion sequences, integrons, transposons) located in the IncN backbone. 3 -10 In conclusion, the pMLST method described in this study allows rapid and easy discrimination of IncN plasmids. The allele variants can be discriminated by detecting significant and stable nucleotide mismatches within the three selected loci. A total of 11 IncN plasmid types could be identified in isolates from different countries without exchange of strains between laboratories and direct comparison of the plasmids. The pMLST represents a useful tool for global epidemiological surveillance of plasmid-mediated antimicrobial resistance, as it enhances detection of epidemic plasmids transferred between distinct geographical areas and reservoirs, as indicated by our finding that the bla CTX-M-1 gene is disseminated worldwide among humans and animals by a common IncN plasmid. 
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